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Abstract 

Roots are highly plastic and can acclimate to heterogeneous and stressful conditions. However, there is little 
knowledge of the effect of moisture gradients on the mechanisms controlling root growth orientation and branching, 
and how this mechanism may help plants to avoid drought responses. The aim of this study was to isolate mutants 
of Arabidopsis thaliana with altered hydrotropic responses. Here, altered hydrotropic response 1 (ahrl), a semi- 
dominant allele segregating as a single gene mutation, was characterized, ahrl directed the growth of its primary 
root towards the source of higher water availability and developed an extensive root system over time. This 
phenotype was intensified in the presence of abscisic acid and was not observed if ahrl seedlings were grown in 
a water stress medium without a water potential gradient. In normal growth conditions, primary root growth and root 
branching of ahrl were indistinguishable from those of the wild type (wt). The altered hydrotropic growth of ahrl 
roots was confirmed when the water-rich source was placed at an angle of 45° from the gravity vector. In this 
system, roots of ahrl seedlings grew downward and did not display hydrotropism; however, in the presence of 
cytokinins, they exhibited hydrotropism like those of the wt, indicating that cytokinins play a critical role in root 
hydrotropism. The ahrl mutant represents a valuable genetic resource for the study of the effects of cytokinins in 
the differential growth of hydrotropism and control of lateral root formation during the hydrotropic response. 

Key words: Abscisic acid, Arabidopsis thaliana, cytokinins, gravitropism, hydrotropism, root architecture, root cap, water 
potential gradients. 



Introduction 

The degree to which plants depend on environmental cues 
to orchestrate growth and development is unmatched in the 
animal kingdom. One of the most important traits that have 
evolved in plants is the ability to sense environmental cues 
and transduce them as a basis for governing their growth 
orientation. The directional growth of plant organs relative 
to the direction of environmental stimuli is a tropism. 
Gravitropism and phototropism are the most studied 
tropisms, and many genes that regulate them have been 
identified (Morita, 2010). The lack of sufficient water is one 
of the major constrains on world agriculture, and interest in 
hydrotropism has fluctuated over the years (Cassab, 2008; 



Miyazawa et al, 2009). Hydrotropism implies the percep- 
tion of water gradients and, in response, the alteration of 
growth patterns of plants. This phenomenon has a crucial 
role in establishing the structure of the root system, and 
thus has implications on the ability of plants to survive 
under limiting water conditions. Hydrotropism is a long 
documented, but not well understood plant behaviour 
(Eapen et al, 2005; Cassab, 2008; Takahashi et al, 2009). 
Thus far, not much is known about the mechanisms that 
regulate root growth responses to water gradients. Moisture 
gradients, like other stimuli, are perceived by the root cap. 
Root cap cells are thus unique for their capacity to sense 
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different types of stimuli, some of which are fixed in direction 
and intensity (gravity) while others vary in time, space, 
direction, and intensity (obstacles, moisture gradients, and 
nutrients) (Hawes et al, 2003). Hydrotropism has been 
recently characterized in the model plant Arabidopsis. The 
root hydrotropic response in Arabidopsis, compared with 
other plants such as pea and cucumber (Takahashi and Suge, 
1991), is readily observed even in the presence of gravity 
(Takahashi et al, 2002; Eapen et al, 2003, 2005). A genetic 
screen based on the ability of Arabidopsis seedlings to 
develop hydrotropic root curvature allowed isolation of 
ahydrotropic mutants such as no hydrotropic response 1 
(nhrl) (Eapen et al, 2003). Later, Kobayashi et al (2007) 
also isolated a series of hydrotropic mutants termed 'mizu- 
kussef (miz). The mizl mutant did not display hydrotropism, 
and exhibited regular gravitropism, reduced phototropism, 
and a modified wavy root growth response (Kobayashi et al, 
2007). This implies that both MIZ1 and NHR1 are not sole 
players in hydrotropism and supports the view that root cap 
cells have assessment mechanisms that merge diverse stimuli 
to generate an ultimate integrated response (Trewavas, 2003). 
Among the six miz mutants isolated, only two mutated genes, 
MIZ1 and MIZ2, have been identified (Kobayashi et al, 
2007; Miyazawa et al, 2009). MIZ1 encodes a protein con- 
taining a domain of an unknown function (DUF617) that is 
highly conserved among terrestrial plants such as rice and 
moss. Since MIZ1 is responsible for the root hydrotropic 
response, the MIZ domain may have an important role in 
the adaptation of terrestrial plants. Another mutant, mizl, is 
affected in GNOM, a guanine-nucleotide exchange factor for 
ADP-ribosylation-type G proteins, that lacks a hydrotropic 
but not a gravitropic response, implying distinct roles for 
vesicular trafficking in these tropisms (Miyazawa et al, 
2009). It has been recently stated that MIZ1 participates in 
lateral root development by maintaining auxin levels and 
that its function requires GNOM activity (Moriwaki et al, 
2011). One of the visible changes associated with the early 
phases of root hydrotropism in Arabidopsis and radish is that 
starch in root cap columella cells is readily degraded upon 
hydrostimulation (Takahashi et al, 2003). These authors 
concluded that the reduction in starch content in columella 
cells came with a declined responsiveness to gravity, a re- 
sponse that allows roots to exhibit hydrotropism. Because 
the recently isolated hydrotropic mutant mizl maintains 
the ability to degrade starch in columella cells upon hydro- 
stimulation (Kobayashi et al, 2007), in contrast to the nhrl 
mutant (Ponce et al, 2008a), it can be suggested that NHR1 
and starch degradation reside at early steps, whereas MIZ1 
resides further downstream in the hydrotropic pathway. 
Moreover, the root hydrotropic response is observed in 
starch excess mutants of Arabidopsis (mexl and sexl; 
Ponce et al , 2008a), indicating that starch depletion is not 
fundamental for hydrotropism. 

Crop plants usually confront heterogeneous water distri- 
bution in the field and develop their root system accordingly 
(Canadell et al, 1996; Dordolot et al, 2007). The goal of 
this study was to develop a novel screening system with 
a water potential gradient for selecting Arabidopsis mutants 



that showed altered root hydrotropism. In this system, the 
mutant seedlings were challenged to grow from a low water 
potential region towards a high water potential region, 
a behaviour not shown by the wild type (wt). Here, a newly 
identified mutant of Arabidopsis (named altered hydrotropic 
response; ahrl) is described whose growth is strongly 
directed to the region with higher water availability when 
the water-rich source is placed downward relative to the 
root tip. When the position of the water-rich source was 
placed obliquely, the mutant was non-hydrotropic, unless 
cytokinins were added to the medium. Furthermore, the 
morphology of the root cap of ahrl mutants was conserved 
in the water deficit conditions of the screening system, while 
the root cap cells of the wt were severely damaged. Lastly, 
the phenotype of the ahrl mutant shown in the screening 
system was enhanced in the presence of abscisic acid (ABA), 
indicating that cytokinins and ABA play a crucial role in 
hydrotropism. 



Materials and methods 

Plant materials, growth media, and mutant screen 

Wt Arabidopsis thaliana seeds of the ecotypes Col 0, WS, and her, 
and ahkl were provided by the Arabidopsis Biological Resource 
Center (Ohio State University, Columbus). Wt Col 0 was used to 
conduct mutagenesis with 0.3% (v/v) ethyl methanesulphonate 
(EMS; Sigma, St Louis, MO, USA). Seeds were surface sterilized 
and kept at 4 °C for 24 h in 0.1% (w/v) agar, mizl (Kobayashi 
et al, 2007) and miz2 (Miyazawa et al, 2009) were donated by 
Dr Hideyuki Takahashi (Tohoku University, Sendai, Japan). The 
screening system with a water potential gradient consisted of two 
different media that were horizontally split. The top half was 
a water stress medium (WSM), which consists of half-strength 
Murashige and Skoog (MS) salts supplemented with 0.5% (w/v) 
sucrose, 2.5% (v/v) glycerol, and 0.5% (w/v) alginic acid. The lower 
half consisted of a normal medium (NM), which contained half- 
strength MS salts supplemented with 0.5% (w/v) sucrose. The pH 
of the medium was adjusted to 5.6 before autoclaving. Alginic 
acid was added to improve WSM solidification. Both media 
were solidified with 0.9% Bacto agar. The WSM was poured into 
one half (upper part) of a square plate with an acrylic slab 
(9.0x0.5 cm) in the middle of the plate that divided it into two 
equal parts. After solidification of the WSM, the piece of acrylic 
was removed and the NM was poured into the other half (lower 
part) of the plate. Before sowing seeds, plates were stored at 4 °C 
for 24 h. In this way the water potential gradient was established 
before seeds were sown. Seeds were placed in the upper half of the 
plate at 1.1 cm above the interphase of both media. Plates were 
sealed with Parafilm, set in a vertical position at 23 °C, and 
subjected to 16 h light/8 h dark cycles in a growth chamber. Under 
these conditions, seedlings from wt plants remained at the WSM 
and never contacted the NM. For the mutant screen, seedlings 
whose roots reached the NM after 12 d were transferred to soil. 
Seeds from these plants were harvested and tested in the re-screen. 
Selected mutants were then backcrossed three times to wt plants. 
Progeny derived from the third backcross were used in all assays. 

Water potential analysis of the screening system 

The water potential of the screening system was measured at time 
zero and every 24 h for 8 d at various distances from the WSM-NM 
junction of the square Petri plate by the dew point psychometric 
combined method with the PSYPRO water potential data 
logger (Wescor Inc., Logan UT, USA). Each measurement was 
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repeated three times for each time point during the time-course 
study. The data are presented as the mean ±SD. The osmolality of 
the screening system containing glycerol, sorbitol, or NaCl was 
measured with an Osmomat 030 cryoscopy osmometer (Gonotec, 
Berlin, Germany). 

Measurements of root growth and root curvature 

After growing for the indicated time (usually 3-15 d) on the 
screening system or NM, seedlings were photographed with a Nikon 
D-l digital camera (Nikon, Co., Chiyoda-ku, Tokyo, Japan). Photo- 
graphs were taken at different times and images were imported into 
Adobe Photoshop CS 8.0 (Adobe Systems Inc., San Jose, CA, 
USA). The images were analysed using National Institute of Health 
(NIH) Image J software version 1.34 (http://rsb.info.nih.gov/ij/). The 
length of primary roots, the number and length of visible lateral 
roots, and the root tip curvature were measured using this software. 
Data were transferred to a Microsoft Excel spreadsheet, and the 
average length of primary roots and lateral roots, root tip curvature, 
the SD, and Student's r-test (two-tail r-test with two-sample unequal 
variance) were calculated and plotted. Data derived from root 
growth analysis of ahrl and the wt treated with different osmotic 
effectors, salt, and hormones were analysed by two-way analysis of 
variance (ANOVA) with Bonferroni post-tests using the Prism 5 
program for Mac OS X (GraphPad Software, Inc.). 

Microscopy 

To observe amyloplasts in columella cells of root caps, seedlings 
were treated as described by Takahashi et al. (2003). Root tips were 
observed under a light microscope (Nikon Eclipse E600, Nikon Co.) 
and photographed with a Nikon Dl digital camera. For confocal 
microscopy analysis, 10-day-old wt and ahrl seedlings were stained 
with propidium iodide (10 ug ml - ) for 10 min and then were 
observed with a Zeiss LSM 510 confocal microscope using a 63 x C 
Apochromat W Korr (1.2 numerical aperture and 0.25 water 
diffraction) water immersion objective (Zeiss, Jena, Germany). 

Hormone treatments 

ABA and kinetin were purchased from Sigma, prepared as 10 mM 
stock solutions, and diluted in drops of methanol and 1 N NaOH, 
respectively. Filter-sterilized ABA was included in lukewarm 0.8% 
(w/v) agar, and added locally to seeds or root tips with the help of 
a Pasteur pipette at the concentrations defined in the text. Filter- 
sterilized kinetin was directly added to lukewarm MS culture media. 

Mapping the ahii mutation 

The mapping population was generated by manually crossing ahrl 
mutants selected from the test system to the Lev and WS ecotypes. 
The resulting F] plants were allowed to self-pollinate to generate 
F 2 populations for mapping. Tissue from F 2 plants was collected 
for DNA isolation. DNA pools were bulked and used to assign 
a rough position on the genetic map by identifying linked genetic 
markers [a set of simple sequence length polymorphism (SSLP) 
markers spaced at regular intervals throughout the genome]. For 
fine-scale mapping, DNA was prepared from individual F 2 plants 
of both Ler and WS mapping populations (892 plants, 1784 
chromosomes), and recombination frequencies were obtained with 
flanking SSLP markers from the region. 



Results 

Isolation of mutants with altered hydrotropic responses 

A testing system was designed for the screening of an EMS- 
mutagenized population of Arabidopsis seedlings with altered 
hydrotropic response (Fig. 1A). Mutagenized seeds were sown 



in the upper half of a square plate containing a WSM, and 
those seedlings whose primary roots grew to reach the lower 
part of the plate, containing the NM (with higher water 
availability), were considered as having an altered root hy- 
drotropic response (Fig. 1A). Hereafter, this system will be 
referred to as the horizontal WSM — ► NM screening system. 
In this system, primary roots of growing wt seedlings never 
reached the water-rich source, stopping their growth in the 
WSM after 4-6d. Wt roots showed an average root length 
of 0.4±0.04 cm (five replicates ±SD, «=350) (Fig. IB). 
Changes in water potential of the screening system over 
time were determined as described by Eapen et al. (2003) 
(Fig. 1). A total of 10 500 EMS-mutagenized seeds were 
screened in this system, which resulted in the isolation of 
five putative mutants that showed considerable root growth 
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Fig. 1. The horizontal WSM— >NM system for selecting mutants 
with altered hydrotropic response. (A) Diagram illustrating the 
screening system. The experimental set-up consists of a square 
Petri dish containing two types of medium, one supplemented with 
2.5% (v/v) glycerol and 0.5% (w/v) alginic acid (WSM) placed in the 
upper half, and a normal medium (NM) in the lower half. The 
numbers on the right denote the data regarding the water potential 
(*Fw) throughout the screening system at time zero. The water 
potential of the system in the lower half of the plate gradually 
decreased once glycerol diffused from above over time, and 
became more negative in positions closer to the NM. The diagram 
illustrates the phenotypes obtained after screening for altered 
hydrotropic mutants (single asterisk), intermediate root phenotype 
(double asterisk), and the wt response. (B) Phenotype of 10-day-old 
ahrl mutant and wt seedlings in the screening system. Roots of 
ahrl plants continued to grow after crossing the boundary between 
WSM and NM and thus sustained downward growth towards the 
zone with higher water availability (higher water potential). Wt roots 
arrested their growth after 4 d. The numbers on the right designate 
the data of the water potential OPw) in three different sections of the 
screening system after 10 d. Arrowheads delimit the border 
between the WSM and NM. The imags are representative of 10 
different experiments (n=360). Scale bar=13 mm. 
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after 10 d (Figs IB, 2A). However, only two of them, named 
ahrl and ahrl, maintained the altered hydrotropic response 
phenotype after backcrossing four times with wt plants. 
Here, the characterization of ahrl is reported. The segrega- 
tion ratio of F 2 seedlings after the fourth backcross of 
ahrl with the wt (83 wt:206 intermediate root:96 altered 
hydrotropic response) indicated that the inheritance pattern 
occurred from segregation of a single semi-dominant gene 
with a 1:2:1 segregation (x 2 =0.323 < x 2 o.o5 ( n=3.841). 



2.5 



Screening medium 




Days 



Fig. 2. Dynamics of root growth of wt and ahrl seedlings in the 
horizontal WSM— >NM screening system and in NM. (A) Seeds 
were sown in the horizontal WSM->NM screening system and 
measurements were taken every 24 h for 1 0 d. (B) Seeds of the wt 
and ahrl were sown in NM plates and, once seedlings had the 
same root size at 4 d, measurements were taken every 24 h for 
the next 4 d. Data are the average ±SD of three independent 
experiments (n=105). NM, normal medium. Root growth oi ahrl in 
the screening system is significantly different from that of the wt 
(Student's f-test, p < 0.001), and is not significant in the NM 
(Student's f-test, p=0.4). Asterisks denote significant differences. 



Intermediate root phenotype referred to seedlings whose 
primary roots stopped their growth once they reached the 
interphase between the WSM and NM (Fig. 1A). 

Mapping of the ahrl mutation 

The chromosomal position of the AHR1 gene was de- 
termined by SSLP linkage analysis (Lukowitz et al, 2000). 
The ahrl mutation was induced in the Col ecotype and 
crossed to her to generate a mapping F 2 population derived 
from a Col/Ler F! plant with the genotype ahrl I AHRL The 
site of the ahrl mutation was mapped to the region between 
two SSLP markers, ngal68 and ngall26, since these markers 
showed a clear bias toward the Col-specific band in the 
mutant pool. This indicated that the mutation maps in the 
lower arm of chromosome II. The recombination frequency 
was 5.1% for the SSLP marker ngal68 and 3.13% for 
nga361. Additionally, the recombination frequency with the 
molecular single nucleotide polymorphism markers (collec- 
tion of Cereon genomics) was 0.056% for CERB4A and 
0.056% for CERB3 (0.1121% across the interval). 

Root growth responses of ahrl 

Root growth of ahrl mutants in NM after 8 d or 14 d was 
identical to that of the wt (Fig. 2B, and data not shown), 
indicating that the increased root growth of ahrl in the 
horizontal WSM— »NM screening system reflected only a 
short-term growth adjustment to water potential gradients 
in search for higher water availability. However, in this 
screening system (Fig. 1A), ahrl seedlings dramatically 
differed from those of the wt (Fig. 2A). First, in the early 
post-germinative phase, ahrl roots were longer than those of 
the wt. For instance, root lengths of 10-day-old ahrl mutants 
were on average 1.5±0.35 cm, whereas those of the wt were 
0.4±0.14 cm (an ~4-fold inhibition, n=60, three replicates 
±SD, Student's f-test, p =£ 0.001) (Fig. 2A). Secondly, ahrl 
seedlings survived in this screening system (Fig. 1A) after 
26 d of germination and set seed after they were transplanted 
to soil, whereas those of the wt eventually dried out (data not 
shown). Thirdly, ahrl developed a highly branched root 
system in the screening system (see Fig. 8A-D). On the other 
hand, ahrl and wt seedlings accumulated glycerol in similar 
amounts when grown in this screening system (data not 
shown) and hence the increased growth of ahrl was not due 
to a differential accumulation of glycerol. 

To characterize further the response of the primary root 
of the ahrl mutant to water potential gradients, growth was 
analysed in the test system for hydrotropism previously 
reported for the isolation of nhr mutants (Eapen et al., 
2003). In this system, the medium is inverted; that is, the 
NM is positioned in the upper part and the WSM is placed 
in the lower section of the plate (Fig. 3). Hereafter this 
system is referred to as the horizontal NM— >WSM system. 
Wt root seedlings, which displayed hydrotropism, remained 
in the NM and never reached the WSM (Fig. 3), while the 
ahrl mutant displayed a no hydrotropic response, reaching 
the WSM in a similar fashion to the nhrl mutant (Eapen 
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Fig. 3. Root growth of ahrl , mizl, miz2, and nhrl seedling 
mutants in the horizontal NM— >WSM test system for hydrotro- 
pism. (A) Diagram illustrating the horizontal NM— >WSM screening 
system for testing hydrotropism as described in Eapen ef al. 
(2003). (A) The experimental set-up contains two types of medium 
in a square Petri dish. The upper medium is the control medium 
(NM), and the medium at the bottom is supplemented with 2.5% 
(v/v) glycerol and 0.5% (w/v) alginic acid (WSM). The water 
potential of the system in the upper half of the plate gradually 
decreased once glycerol diffused from below over time and 
became more negative in positions closer to the NM. The diagram 
illustrates the phenotypes obtained with the screening for no 
hydrotropic mutants (single asterisk) and the wt response. (B) Five- 
day-old seedlings, (C) 7-day-old seedlings. Roots of nhrl , mizl , 
and miz2 grow to the boundary between the NM and WSM 
(arrow), showing a lack of hydrotropic response. Wt roots arrested 
their growth after 5 d and developed a hydrotropic curvature. 
Arrowheads point to the border between the NM and WSM. 
(D) Root growth measured in hydrotropic mutants showed that 
these were significantly longer after 5 d of germination compared 



et al, 2003). Another class of known hydrotropic mutants, 
the ahydrotropic mizl and mizl mutants (Kobayashi et al, 
2007; Miyazawa et al, 2009), were also tested in the hori- 
zontal NM— >WSM system. Both mizl and miz2 displayed 
a no hydrotropic response equivalent to that shown by ahrl 
and nhrl, indicating that the horizontal NM->WSM 
screening system could have also been suitable to select all 
these no hydrotropic mutants (Fig. 3) However, ahrl roots 
were the longest compared with nhrl, mizl, and mizl, 
indicating that this mutant displayed a different no hydro- 
tropic response phenotype and was resistant to the water 
potential conditions of the horizontal NM — > WSM system. 
In contrast to ahrl mutants, mizl and mizl showed a similar 
response to the wt in the horizontal WSM— >NM screening 
system designed for the isolation of the ahr mutants (Fig. 
1A). However, nhrl roots were significantly longer than 
those of the wt, mizl, and mizl but significantly shorter 
than ahrl roots, although this no hydrotropic mutant could 
not reach the NM below (Fig. 4). Hence, the phenotypes of 
nhrl, mizl, and mizl mutants were not comparable with 
that of ahrl because ahrl root growth was not restrained in 
the lower water potential conditions of the WSM. 

Because glycerol was used as an osmolyte in the WSM 
region of both horizontal screening systems (NM— >WSM 
and WSM— >NM), ahrl and wt seedlings were grown at 
different glycerol concentrations to evaluate the sensitivity 
of their primary roots to glycerol in the absence of a water 
potential gradient. Root growth of ahrl and wt seedlings 
decreased in NM plates containing 50, 163, or 217 mM 
glycerol [equivalent to 0.5, 1.5, and 2.0% (w/v), respectively] 
(Supplementary Fig. SI available at JXB online). Both wt 
and ahrl seedlings diminished their root length at all 
glycerol concentrations tested. The root length of wt seed- 
lings was reduced >60% at 50 mM and 163 mM glycerol, 
and by >75% at 217 mM glycerol, whereas that of ahrl was 
reduced by 40% at 50 mM and 163 mM glycerol and by 
>60% at 217 mM glycerol. The response to 2.5% (w/v) gly- 
cerol was not tested since in the screening system this con- 
centration decreased after gradient formation. This indicated 
that the ahrl mutation confers a slightly increased resistance 
to glycerol, providing a more efficient osmotic adjustment 
capacity in the presence of a water potential gradient. 

To discern whether the ahrl phenotype is specific to 
glycerol or rather a general response to changes in water 
potential gradients, glycerol was substituted with sorbitol or 
with NaCl in the horizontal WSM— >NM screening system. 
Sodium chloride was used for testing ionic sensitivity 
(Fig. 5). Root growth of ahrl after 11 d was significantly 
higher compared with that of the wt when the screening 
system contained 2.5% (w/v) glycerol and/or 6.5% (w/v) 
sorbitol (with comparable osmolality, 0.435 Osmomol/kg), 

with the wt. ahrl roots were the longest compared with nhrl , 
mizl, and miz2. Each data point is the average of 38 individuals 
from three independent experiments. Error bars represent the SD. 
Bars with different letters differ significantly after two-way ANOVA 
with Bonferroni post-tests, p < 0.001 . Scale bar in (B)=13 mm. 
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Fig. 4. Root growth of the ahrl , nhrl , mizl , and miz2 mutants 
in the horizontal WSM— >NM screening system for the selection 
of ahr mutants. Comparison among the nhrl , mizl , miz2, and 
wt genotypes showed that their roots were significantly shorter 
after 1 1 d of germination than those of ahrl . Each data point 
is the average of 22 individuals from three independent 
experiments. Error bars represent the SD. Bars with different 
letters differ significantly after two-way ANOVA with Bonferroni 
post-tests, p < 0.001 in a versus b and c; and p < 0.05 in 
b versus c. 
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Fig. 5. ahrl mutant seedling roots display long-term growth 
resistance in the presence of a water potential gradient generated 
by sorbitol. Seeds of the wt and ahrl were sown in a horizontal 
WSM— >NM system with a water potential gradient where the 
WSM region contained glycerol, NaCI, or sorbitol. Measurements 
were scored after 1 1 d of germination. Similar osmolarity 
(Osmomol/kg) was used in the preparation of the medium with 
glycerol, sorbitol, or NaCI. Data represent the mean root length of 
three different experiments (n=24 for each treatment and plant). 
Error bars represent the SD. Bars with different letters differ 
significantly after two-way ANOVA with Bonferroni post-tests, 
p < 0.01. 

but significantly decreased in the presence of 200 mM NaCI 
(0.444 Osmomol/kg) (Fig. 5). Hence, ahrl roots did not 
respond to the gradient of glycerol as a distinct substance 
and showed an enhanced capacity to grow in water potential 
gradients generated with two different osmolytes (Fig. 5). 

In addition, growth of ahrl seedlings was tested on a 
steeper gradient of water potential in order to establish the 
threshold of the response. For this, ahrl and wt seeds were 
plated diagonally in the upper section of the horizontal 
WSM— >NM screening system, ahrl roots kept growing 
when confronted with water potential gradients from -0.8 
MPa to -1.1 MPa (Supplementary Fig. S2A at JXB online). 



On the other hand, ahrl seedlings maintained their proxi- 
mal meristem in all roots tested in this gradient, indicating 
that ahrl root cells have a better osmotic adjustment 
capacity, in clear contrast to those of the wt (Supplementary 
Fig. S2B). 

The horizontal WSM— >NM screening system described 
in Fig. 1 was designed for selecting plants with an altered 
hydrotropic response operating along the gravity vector. 
Thus far, ahrl roots directed their downward growth 
towards the higher water potential zone, but would they be 
able to direct their growth to the WSM from the NM 
distributed diagonally? To answer this question, a diagonal 
NM->WSM test system was utilized. In this, the NM was 
positioned in the upper triangular half of a square Petri 
plate, and the WSM was placed in the lower triangular half. 
Five-day-old seedlings that germinated in NM with straight 
roots of uniform size (1.5-2.0 cm in length) were positioned 
vertically 0.5 cm above the boundary between both sub- 
strates (Fig. 6A). Roots of ahrl showed hydrotropic 
bending and diagonal root growth by presenting an average 
of 29° towards the NM on the right side of the plate (viewed 
from the front). The mean angles for ahrl and wt roots 
were 28.6±2.2 ° and 10.1 ±2.9°, respectively (n = 20 per 
experiment, three replicates ±SD, Student's f-test,/? <0.001) 
(Fig. 6A, B). Moreover, wt seedlings did not show 
significant elongation of the primary root and developed 
few lateral roots. Roots of ahrl also developed more lateral 
roots than the wt under these conditions (35±0.8 and 
10.3±0.04 in ahrl and the wt, respectively, n = 20 per 
experiment, three replicates ±SD, Student's /-test, p < 
0.001). A water potential gradient also developed over time 
in this experimental set-up (data not shown). To evaluate if 
the response of ahrl in this oblique experimental system was 
indeed hydrotropic, the growth pattern of ahrl was 
examined in a control set that consists of two NMs placed 
diagonally in the upper and lower triangles of a square Petri 
plate. It was found that the gravitational set-point angle of 
the root was very similar in ahrl and the wt (5 ±0.2 ° and 
4.5±0.4 ° in ahrl and the wt, respectively, n = 20 per 
experiment, three replicates ±SD, Student's /-test, p > 0.2). 
These analyses demonstrated that the effect of the ahrl 
mutation on the conditional growth of the primary root, in 
response to an osmotic gradient, correlated with hydrotro- 
pism since ahrl roots showed significant growth toward 
water-rich substrates, which was to some extent released 
from gravitropic behaviour. 

ahrl root tip morphology 

Since moisture gradients are perceived in the root cap (Jaffe 
et al, 1985), the root tip morphology of ahrl seedlings was 
analysed. Comparison of wt and ahrl root tips revealed that 
the water deficit conditions of the horizontal WSM — * NM 
screening system damaged almost all the cells in root tips of 
the wt, since these readily accumulated propidium iodide 
(Fig. 7C). Most notably, the root meristematic cells of wt 
seedlings were the most affected (Fig. 7C). Root cap cells 
of the wt were also altered in a horizontal WSM— >NM 
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Fig. 6. Experimental set-up for analysing the direction of root growth in an oblique NM— >WSM water potential gradient (positive to 
negative). NM was placed diagonally in the upper section of the square plate, and WSM was positioned in the lower section. (A) Five- 
day-old seedlings with straight roots of uniform size (1 .5-2.0 cm) were placed vertically with their tips 0.5 cm above the boundary 
between both substrates. Plates were maintained in the vertical position for the duration of the experiment. Photographs were taken at 
different times after the transfer. The arrow in the first image delimits the border between NM and WSM. NM, normal medium; WSM, 
water stress medium. (B) Root growth of ahrl and the wt in the oblique NM-»WSM experimental system. The root length ofahrl 
seedlings was considerably different from that of the wt (Student's f-test, p < 0.001). Each point represents the mean ±SD. The images 
are representative of three independent experiments (n=60). Scale bar=13 mm. 



screening system since they were usually larger in size com- 
pared with those grown in the NM (Fig. 7C). In contrast, 
ahrl root tip morphology in the screening system was 
normal and comparable with that of the wt grown in NM 
(Fig. 7A, D), indicating that cells in the root cap and in the 
root proper contended quite well with the low water 
potential of the horizontal WSM— >NM screening system, 
maintaining not only cell turgor but ultimately cell growth. 
Previous studies have shown that water stress conditions 
produced a significant reduction in starch-filled amyloplasts 
of columella cells in the wt but not in the nhrl mutant 
(Takahashi et al, 2003; Ponce et al, 2008a, b). To inves- 
tigate whether the water deficit conditions of the horizontal 
WSM— »NM screening system induced a decrease in starch- 
filled amyloplasts of ahrl root cap columella cells, amylo- 
plasts were visualized by staining starch with I 2 -KI solution 
in 10-day-old ahrl seedlings, ahrl columella cells main- 
tained several starch-filled amyloplasts, in clear contrast to 
those of the wt (Fig. 7E, F), indicating that these cells are 
well acclimated to the water potential gradient of the hori- 
zontal WSM— >NM screening system. Furthermore, the 
amyloplasts of ahrl root tips also stained strongly in lugol 
solution compared with those of the wt when grown in 
a steeper water potential gradient generated with glycerol 
(Supplementary Fig. S2B at JXB online). 



ABA contributes to the altered hydrotropic response 
phenotype of ahrl 

Earlier studies indicated that ABA and water stress are 
critical regulators of root tropic responses in Arabidopsis 
since nhrl roots germinated from seeds treated with ABA in 
a horizontal NM— >WSM system for testing hydrotropism 
(as in Fig. 3) showed an enhanced non-hydrotropic response 
growth whereas those of the wt showed an orthogravitropic 
rather than a hydrotropic response (Ponce et al, 2008a, b). 
Hence, as a first step toward analysing whether ABA also 
influenced the phenotype of ahrl in the screening system, 
ahrl seeds were locally treated with ABA. ABA substantially 
enhanced the development of a deep and highly branched 
root system in ahrl seedlings in the horizontal WSM— >NM 
system (Figs 8A-D, 9A-C). In contrast, ABA slightly 
reduced the number of lateral roots in the wt, although 
their length was no affected (Fig. 9A, B). In addition, ABA 
slightly increased the length of the primary root of the wt 
(Fig. 9C). 

Cytokinin influences the hydrotropic response of ahrl 

Since one of the aims of this study was to discern whether 
plant growth regulators influence root hydrotropism, the 
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Fig. 7. Morphology of wt and ahrl root tips grown in the horizontal WSM— >NM screening system. Wt (A) and ahrl (B) seedlings after 
10 d in NM. The wt (C) and ahrl (D) after 10 d in the screening system. Seedlings were stained with propidium iodide for microscopic 
examination with a confocal microscope. Starch in amyloplasts was maintained in columella cells of ahrl roots grown in the screening 
system (F), while it severely declined in 99% of wt roots (E). Wt (E) and ahrl (F) seedlings after 10 d in the screening system. Amyloplasts 
were visualized with l 2 -KI solution. Images are representative of three independent experiments (n=45). Scale bar=60 \im. 



role of cytokinins was also analysed. Cytokinins play a 
negative regulatory role in root growth (Werner et al, 2003, 
2010). The main site of cytokinin synthesis occurs in 
columella cells of root caps (Aloni et al, 2005). Cytokinins 
are also involved in the regulation of the early rapid phase 



of root gravitropic curvature initiation (Aloni et al, 2004). 
Exogenous cytokinin applied to vertically positioned roots 
induced root bending towards the application site, confirm- 
ing the inhibitory effect of cytokinin in root gravitropism 
(Aloni et al, 2004). Consequently, the hydrotropic response 
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Fig. 8. Contrasting effects of ABA on root architecture of ahrl depending upon the presence or absence of osmotic potential gradients. 
The root system architecture of ahrl was increased by adding to seeds a thin layer of agar containing 3 nivl ABA (oblique arrow) when 
germinated in the WSM portion of the horizontal WSM— >NM screening system (B, D). (A, C) Control plates with 0 ABA, in which seeds 
were covered only with agar (oblique arrow). Horizontal arrows indicate the border between the WSM and the NM. (E, F) ABA decreased 
the root system size of ahrl in normal conditions (NM). Control seeds treated with (E) a thin layer of agar (0 ABA), and (F) with 3 \M ABA. 
Photographs were taken after 10 d (A, B, E, F) or 20 d (C, D), and are representative of three independent experiments (n=125). Scale 
bar=13 mm. (This figure is available in colour at JXB online.) 



of ahrl and wt roots was tested in the diagonal NM — ► WSM 
screening system with a water potential gradient positioned 
obliquely in the presence of kinetin. However, in this case, 
seeds were germinated directly on the plates and were not 
transplanted as in the experiment depicted in Fig. 6. 
Surprisingly, the no hydrotropic response phenotype of ahrl 
seedlings (Fig. 10A) was modified or reduced in the presence 
of kinetin, since roots were shorter and showed a stronger or 
higher hydrotropic curvature than in the absence of kinetin 
(Fig. 10C, D). Roots of ahrl roots treated with kinetin 
deviated from the vertical by 53±4.1°, which was signif- 
icantly different from those left untreated (34±4.7°, 
/; < 0.001). Roots of wt seedlings were unresponsive to 



kinetin and developed a hydrotropic curvature similar to that 
of untreated roots (Figs 10A, C, 11A); however, they showed 
a significantly higher number of lateral roots when treated 
with kinetin (Fig. 11C). Arabidopsis histidine kinase ATHK1 
can function as an osmosensor in yeast and has been 
implicated in some plant stress responses (Urao et al, 1999) 
since ahkl mutants showed significant sensitivity to drought 
(Wohlbach et al, 2008). The ahkl mutants were more 
affected than those of the wt in the water potential con- 
ditions of the diagonal NM— >WSM screening system (data 
not shown). The total root length of the three genotypes 
tested decreased in the presence of kinetin (Fig. 1 1 A). The 
number of lateral roots was severely affected in the ahrl and 
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Fig. 9. The root architecture of 10-day-old ahrl mutants was 
altered when treated locally with 3 \M ABA in the horizontal 
WSM— 'NM screening system. (A) Number of visible lateral roots. 
(B) Total lateral root length. (C) Primary root growth. Each value 
represents the mean ±SD, and were acquired from three different 
experiments (n=75). Bars with different letters differ significantly 
after two-way ANOVA with Bonferroni post-tests, p < 0.01 in (A), 
p < 0.001 in (C), and p < 0.001 in (C). 

nhrl genotypes tested in oblique plates plus kinetin com- 
pared with those of the wt (Fig. 1 IB, C). However, the total 
lateral root length per seedling was affected in wt and 
mutants seedlings. 

Kinetin at a concentration of 0.3 uM slightly diminished 
root growth of 7-day-old ahrl, nhrl, and wt seedlings in the 
horizontal NM — > WSM screening system for testing no 
hydrotropic response mutants such as nhrl (Eapen et al, 
2003) (Supplementary Fig. S4A, B, D at JXB online). In 
this testing system, the downward root growth (orthogravi- 
tropism) of ahrl was unaffected in the presence of kinetin; 
however, orthogravitropic growth of nhrl and the wt was 
significantly limited since nhrl roots deviated —27° and 22° 
from the vertical, respectively (Supplementary Fig. S4B, C, E). 



This indicated that the hydrotropic curvature displayed by 
ahrl roots in the presence of kinetin was not caused by an 
inhibition of the orthogravitropic response (Fig. 10; Supple- 
mental Fig. S10). 

In normal conditions (NM plates), 0.3 uM kinetin 
decreased root growth similarly in all genotypes tested, 
although mizl showed reduced sensitivity (Supplementary 
Fig. S5A-E at JXB online). However, at 3 uM and 10 uM 
kinetin, the root growth of all mutants and that of wt 
seedlings was strongly inhibited. The slight resistant pheno- 
type to exogenous cytokinins of mizl was recently reported 
by Moriwaki et al. (2011). Interestingly, kinetin significantly 
repressed the orthogravitropic growth in all five genotypes 
tested, although ahrl, wt, and nhrl roots were the most 
affected since these moved —75 ° away from the vertical 
compared with mizl and mizl roots, which deviated to a 
lesser extent (—30 °) (Supplementary Fig. S6B, C). The root 
gravitropic response of ahrl and the wt in NM was not 
affected after two reorientation stimuli (Supplemental 
Fig. S7). Thus, kinetin primarily influenced root orthogra- 
vitropic responses in normal conditions (Supplementary 
Fig. S6B, C) and root hydrotropic responses in the presence 
of water potential gradients in ahrl, nhrl (Fig. 10C, D), 
mizl, and miz2 mutants (Supplementary Fig. S8C, D). The 
cytokinin receptor histidine kinase mutant ahk4lcrellwoll 
has been shown to develop longer roots in normal con- 
ditions (Riefler et al, 2005) and displayed a salt-tolerant 
phenotype (Tran et al, 2007). Interestingly, ahk4lcrellwoll 
mutant roots displayed a faster hydrotropism than those of 
the wt and in clear contrast to the hydrotropic mutants 
ahrl, nhrl, mizl, and mizl (Supplementary Figs S9, S8; Figs 
3, 10). Overall, these results suggested that cytokinins play 
a critical role in root hydrotropism. 



Discussion 

Plant roots in search of water optimize their root architec- 
ture accordingly (Lynch, 1995; Malamy, 2005). More 
specifically, the spatial positions of the water supply and 
the root hydrotropic response have a profound effect on 
root architecture (Tsutsumi et al, 2003; Eapen et al, 2005). 
Therefore, studies that assess how root hydrotropism con- 
trols the regulation of root architectural traits are beneficial 
to determine the precise role of these traits in improving 
plant performance under given environmental conditions. In 
this work, the identification of a gene in Arabidopsis that 
affects the root hydrotropic response by allowing the primary 
root to elongate and increased the size of the root system 
in response to a gradient in water potential over time is 
described (Figs 1, 8). Interestingly, the ahrl phenotype is 
comparable with that of the wt under normal conditions in 
primary root growth, root tip morphology, and number and 
total length of lateral roots (Figs 2B, 7A, B, 9E, F), but 
showed a distinctive rapid osmotic adjustment in order to 
respond hydrotropically in the different systems tested, which 
included an osmotic potential gradient. Additionally, in the 
absence of a water potential gradient, the growth of ahrl and 



wt 



An altered hydrotropic response mutant in Arabidopsis | 3597 

ahrl wt nhrl 




wt 



ahrl 



ahrl nhrl 



0.3 |jM 
Kinetin 




9 



Fig. 10. Cytokinin eliminates the altered hydrotropism of ahrl and the no hydrotropic response phenotype of nhrl in a diagonal 
NM— >WSM test system for hydrotropism. In this system, the NM (top) and WSM (bottom) were obliquely split in a square Petri dish. 
Seeds of wt, ahrl , and nhrl genotypes were sown in the NM portion of the oblique system in the absence (A, B) or presence of 0.3 |iM 
kinetin (C, D). (A) ahrl roots showed an altered hydrotropic response with longer roots that developed a hydrotropic curvature in the 
WSM towards the NM. (A, B) Wt roots developed a hydrotropic curvature in the NM and were shorter than those of ahrl and nhrl . 
(B) nhrl roots displayed a no hydrotropic response. (C) ahrl roots supplied with kinetin were shorter and developed a hydrotropic 
curvature in the NM. (C, D) Root growth of the wt was reduced by kinetin. (D) nhrl roots were shorter than those left untreated. Images 
were taken 7 d after germination. Arrows delimit the border between NM and WSM. NM, normal medium; WSM, water stress medium. 
Scale bar=13 mm. 



wt roots was equally sensitive at different glycerol concen- 
trations in the medium. A similar behaviour was seen in the 
presence of other effectors (sorbitol or mannitol; data not 
shown), further indicating that the ahrl phenotype is 
basically manifested in the presence of a water potential 
gradient in the medium, a condition that usually takes 
place in the soil (Nilsen et ah, 1983). 

The oblique test system for studying hydrotropism allowed 
the detection of the altered hydrotropic root growth of the 
ahrl mutant towards the substrate with higher water 
potential. In this system, ahrl roots grew towards the low 
water potential medium (WSM) following the gravitropic 
vector. However, as soon as they entered the WSM, they 
turned the direction of their growth at a 30 ° angle towards 
the substrate with higher water potential (NM). In the 
absence of a water potential gradient, the angle of deviation 



from the gravitational vector was ~5 °, indicating that ahrl 
differential root growth is the consequence of an altered 
hydrotropic response since wt roots stopped their growth in 
the oblique test system, ahrl roots deviated from the 
vertical and grew toward regions with higher water poten- 
tial (Fig. 6). The altered hydrotropic response revealed by 
ahrl in this system seems to be related to two different 
processes: (i) the ability to overcome the arrest of primary 
root growth seen in the wt by maintaining the integrity of 
its root cap (Fig. 1); and (ii) the ability to maintain the 
capacity of its root cap to respond to water potential 
gradients (Fig. 7). The structure of the root cap in hydro- 
stimulated ahrl seedlings was preserved, in contrast to the wt, 
and there were no features among ahrl root caps to distin- 
guish them from seedlings growing in a normal or screening 
system (Fig. 7B, D). Consequently, the preservation of root 
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Fig. 1 1 . Kinetin at 0.3 yiM modified the root architecture of 1 1 - 
day-old hydrotropic mutants ahrl and nhrl in the diagonal 
NM->WSM test system. Roots of ahrl and nhrl seedlings were 
significantly shorter in the presence of kinetin than those left 
untreated. The total lateral root length of ahrl seedlings was 
significantly increased by kinetin. Wt and nhrl roots increased their 
number of lateral roots in the presence of kinetin. (A) Root growth. 
(B) Total lateral root length. (C) Number of lateral roots per 
seedling. Each value represents the mean ±SD, and were 
acquired from three different experiments (n=25). Bars with 
different letters differ significantly after two-way ANOVA with 
Bonferroni post-tests, p < 0.01 in (A, C), and p <0.001 in (B). 

cap structure and functions is crucial for growing under these 
conditions. A previous study indicated that root caps contain 
essential components of the signalling system that determines 
root architecture (Tsugeki and Fedoroff, 1999). Genetic root 
cap ablation altered root architecture both by inhibiting root 
meristematic activity and by stimulating lateral root initiation 
(Tsugeki and Fedoroff, 1999). The histological analyses also 
revealed that the preservation of root cap columella cells with 
amyloplasts in ahrl mutants is probably correlated with the 
capacity for continuing root growth in different osmotic 
potential gradients. The analyses presented in this work 



demonstrated the plasticity of ahrl roots in response to 
gradually changing environments. The development of the 
root system in plants growing in dry soil is generally less 
inhibited than shoot growth, and may even be promoted, as 
has been shown in maize (Sharp et al, 2004). Maintenance 
of root growth during water deficits is a clear advantage to 
sustain an adequate water supply and is under genetic 
control (O'Toole and Bland, 1987). To determine the 
threshold level of the water potential perceived by ahrl 
roots, ahrl seeds were planted diagonally in the WSM 
section of the horizontal WSM — > NM screening system 
(Supplementary Fig. S2A at JXB online). All ahrl roots 
grew, but only those of seeds that were planted 1.1 cm 
above the boundary between the two media reached the 
lower half of the screening system, where the water 
potential is higher (NM, -0.6 MPa). Interestingly, all roots 
showed preservation of the apical region as well as the 
morphology or structure of the root cap with amyloplasts in 
columella cells (Supplementary Fig. S2B). Future research 
on the mechanism sustaining cell elongation under water 
potential gradients must focus on the apical region of ahrl 
roots, its vacuole and amyloplast regeneration mechanism, 
which allow ahrl roots to grow in the low water potential 
gradients. 

Previous work had shown that there is substantial 
osmotic adjustment, mostly by proline deposition in the tips 
of maize primary roots growing at low water potential 
(Sharp et al, 1990). It still remains to be deciphered how 
ahrl roots accomplish their osmotic adjustment. Thus far, it 
has been shown that ABA is necessary for the maintenance 
of maize primary root elongation during water stress (Sharp 
and LeNoble, 2002; Sharp et al, 2004). Local addition of 
ABA to seeds enhanced the root proliferation phenotype of 
the ahrl mutant in the screening system, and negatively 
affected that of the wt (Figs 8A-D, 9A-C). In contrast, 
ABA showed no influence on the root system size of ahrl 
grown in NM (Fig. 8E, F; Supplementary Fig. S3 at JXB 
online). Hence, these results illustrate that maintenance of 
root elongation and increase in root proliferation of ahrl 
by ABA under water deficit conditions is based on the 
environmental cues which modify growth response to ABA. 
ABA plays an inductive role in drought rhizogenesis, which 
is characterized by the formation of short, tuberized, hairless 
roots (Vartanian et al, 1994). This is an adaptive strategy 
that occurs in Brassicaceae and related families when 
subjected to a progressive water stress (Vartanian et al, 
1994). These roots are capable of enduring a prolonged 
drought period and give rise to a new functional root 
system upon rehydration. In contrast, ABA-deficient (abal) 
and ABA-insensitive (abil) mutants showed a dramatic 
reduction in the number of lateral roots produced per mg of 
root biomass after progressive drought stress (Vartanian 
et al, 1994). Interestingly, in the absence of drought stress, 
ABA also plays a direct role in lateral root regulation since 
wt seedlings treated with ABA showed a significant re- 
duction in the number of visible lateral roots (De Smet 
et al, 2003, 2006). Here ahrl roots sustained the capacity 
for proliferation under water potential gradients in the 
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presence of ABA, indicating that ABA inhibition of 
meristem activation after lateral root emergence under non- 
optimal conditions is released in ahrl mutants. 

Another interesting finding is the connection between hy- 
drotropism and cytokinins. The altered hydrotropic response 
phenotype of the ahrl mutant in the screening system seems 
to be related to cytokinin regulation of root elongation under 
higher osmotic conditions (Tran et al , 2007; Wohlbach et al , 
2008; Huang et al, 2009; Werner et al, 2010). It is hypo- 
thesized that when wt roots are hydrostimulated, cytokinins 
apparently inhibit root elongation and enable root hydrotro- 
pic curvature. Hence, the ahrl mutant might have modified 
this regulatory mechanism since, in the presence of exoge- 
nous cytokinins, it showed an exaggerated hydrotropic root 
growth response (Fig. 10; Supplementary Fig. S10 at JXB 
online). Cytokinins also altered root architecture in ahrl 
seedlings in the obliquely positioned NM — » WSM test system 
since ahrl roots not only displayed hydrotropic curvature but 
were also significantly shorter, and had fewer and longer 
lateral roots compared with those which were left untreated 
(Fig. 11). Similarly, orthogravitropic growth of ahrl, mizl, 
and mizl roots was sensitive to cytokinins when the higher 
water potential condition was positioned at 45 ° to their root 
tips. In contrast, the root architecture of ahrl seedlings 
treated with kinetin in the horizontal NM — > WSM screening 
system also developed shorter roots; however, these did not 
develop a hydrotropic curvature (Supplementary Fig. S4B). 
These results indicate that the orthogravitropic growth of 
ahrl roots was insensitive to cytokinins or to the presence of 
low water potential conditions which are more unique to the 
horizontal NM— >WSM screening system. Thus, orthogravi- 
tropism in ahrl or lack of hydrotropism in mizl and miz2 
could only be abated if the water potential gradient was 
positioned at 45° and not at 0° solely in the presence of 
cytokinins. Why did ahrl primary roots not grow or showed 
a hydrotropic response in the horizontal NM— >WSM 
screening system in the presence of kinetin? The root growth 
response of ahrl might be related to the direction of the 
water potential gradient since the water potential gradient 
developed in the two systems was similar (data not shown). 
Conceivably, the orthogravitropic response of ahrl roots is 
stronger when the direction towards the higher water 
potential gradient follows the gravity vector, but can be 
overcome when the direction of the gradient is positioned 
obliquely. 

ahrl mutant seedlings showed major alterations in ABA 
and cytokinin responses, indicating that ABA and cytokinin 
signalling play a role in the adaptation of root architecture 
to changes in water deficit conditions. Recently, it has been 
shown that MIZ1 also regulates the root architecture under 
stressed conditions (Moriwaki et al, 2011). mizl mutants 
did not show a defect in lateral root development under 
normal and water stress conditions. However, overexpres- 
sion of MIZ1 resulted in a reduced number of lateral roots 
and greater inhibition of root growth in the presence of 
cytokinins; hence, MIZ1 negatively regulated cytokinin 
sensitivity of root development (Moriwaki et al, 2011). 
Previous results and those of the present study indicated 



that root hydrotropism and root system development are 
closely linked via cytokinin signalling. In contrast to ahrl, 
the cytokinin receptor mutant crellahk4lwoll, which also 
displayed drought tolerance (Tran et al, 2007), showed an 
enhanced root hydrotropic response and short roots in the 
horizontal NM— >WSM test medium for hydrotropism even 
compared with those of the wt (Supplementary Fig. S9 at 
JXB online). This indicated that cytokinin perception is 
required for root growth under water deficit conditions. 

Overall, the present data suggest that a mutation in 
AHR1 alleviates root growth arrest in the presence of a 
gradient in the water potential, thereby allowing an altered 
hydrotropic response and increased branching relative to 
the wt. It remains to be deciphered whether the ahrl mu- 
tation has direct effects on the conditional regulation (upon 
a water gradient) of general root growth and branching 
compared with water sensing. Basically, the identification of 
all other genes involved in water sensing and growth arrest 
by high osmoticum is needed in order to determine how 
AHR1 relates to these pathways. The ability of plants to 
produce an optimal root system is a critical adaptive 
response for survival, particularly in seasonal water deficit 
conditions. Therefore, the present results demonstrate that 
there is considerable potential to increase the fitness of crop 
plants by altering pathways that regulate the response of 
roots to water potential gradients. Ongoing work will deter- 
mine the molecular identity of AHR1 and elucidate the 
mechanisms by which it maintains root cap morphology 
under different osmotic conditions, leading to their long- 
term growth adjustment to osmotic potential gradients. 

Supplementary data 

Supplementary data are available at JXB online online: 

Figure SI. The effect of glycerol on root growth of 5-day- 
old ahrl and wt seedlings. 

Figure S2. Roots of ahrl grow in the presence of 
a gradient of water potential in the substrate. 

Figure S3. Effect of ABA on root growth of ahrl and wt 
seedlings in normal conditions. 

Figure S4. Cytokinins did not affect root downward 
growth of ahrl seedlings in the horizontal NM— >WSM test 
system for hydrotropism. 

Figure S5. Tolerance of ahrl, nhrl, mizl, mizl, and the wt 
to exogenous cytokinins. 

Figure S6. The effect of kinetin in the orthogravitropic 
root growth of the hydrotropic mutants and the wt. 

Figure S7. Root gravitropic response of ahrl and wt 
seedlings in the presence of cytokinins. 

Figure S8. Cytokinin affects the impaired hydrotropism 
of mizl and mizl mutants in a diagonal NM — > WSM test 
system for hydrotropism. 

Figure S9. Behaviour of crellwolllahk4, nhrl, and wt 
roots in the horizontal NM— >WSM test system for 
hydrotropism. 

Figure S10. Fourteen-day-old ahrl and nhrl hydrotropic 
mutants in the diagonal NM— >WSM test system with 
exogenous cytokinins. 
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Figure Sll. ahrl root seedlings showed an altered 
hydrotropic response in the presence of moisture gradients 
in a closed chamber. 
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